a b s t r a c t a r t i c l e i n f o
Background: Glucocorticoids as well as mineralocorticoid have been shown to play essential roles in the regulation of electrical and mechanical activities in cardiomyocytes. Excess of these hormones is an independent risk factor for cardiovascular disease. Intracellular sodium ( ] i ) is normally 4-16 mM, as exquisitely maintained by a series of ion channels and transporters [1] [2] [3] [4] [5] [6] . This transsarcolemmal Na + gradient is a key regulator of various intracellular ions and metabolites. In the heart, [Na + ] i has been shown to increase in the presence of cardiac diseases, including ischemia, heart failure and hypertrophy [2] [3] [4] [5] [6] . ] i , has been reported to activate the hypertrophic gene expression via saltinducible kinase 1 (SIK1), a kinase known to be critical for cardiac development, in a myocyte cell line [7] . On the other hand, elevated [Na + ] i increases the mitochondrial formation of reactive oxygen species in failing cardiac myocytes [8, 9] 
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IJC Heart & Vessels j o u r n a l h o m e p a g e : h t t p : / / w w w . j o u r n a l s . e l s e v i e r . c o m / i j c -h e a r t -a n d -v e s s e l s renal tubules via a member of the steroid receptor superfamily, mineralocorticoid receptor (MR). An excess of these hormones induces sodium retention, thereby causing hypertension [10, 11] . Moreover, high levels of cortisol and aldosterone are known to be independent risk factors for cardiovascular events [11] [12] [13] . This may be partly due to the direct alteration of mineralocorticoid receptor (MR) signaling in the cardiovascular system in addition to secondary systemic activities of these hormones, such as the induction of hypertension, as MR antagonists are responsible for marked prognostic improvements in patients with heart failure [14] [15] [16] . In cardiomyocytes, MR is expressed, while 11beta-hydroxysteroid dehydrogenase type 2, which converts glucocorticoids to their inactive metabolites, is not [17, 18] . Hence, under physiological conditions, most MRs are presumably occupied by cortisol/corticosterone. On the other hand, glucocorticoid receptor (GR), which displays high sequence homology with MR and binds glucocorticoids with higher affinity than the mineralocorticoid aldosterone, is also expressed in cardiomyocytes. However, the role of specific GR signaling in the cardiovascular system is poorly understood. We and others have recently reported that aldosterone induces [Na + ] i elevation in cultured cardiomyocytes and that this effect is rapid and non-genomic and occurs in a mineralocorticoid receptorindependent fashion [19, 20] . ] i in cardiomyocytes has not been discussed.
The present study was conducted to identify the role of corticosteroids, including corticosterone, aldosterone and synthesized glucocorticoid dexamethasone, in the regulation of [Na + ] i in cardiomyocytes. The results suggest that NCX1 is involved, at least in part, in the pathogenesis of altered sodium ion handling under conditions of glucocorticoid excess via the GR pathway.
Materials and methods

Reagents
Corticosterone, dexamethasone, eplerenone and RU486 were purchased from Sigma-Aldrich. Aldosterone was purchased from Wako Pure Chemical Industries. Sodium-binding benzofuran isophthalateacetoxymethylester (SBFI-AM) and Pluronic F-127 were purchased from Invitrogen. All primer sets for PCR were purchased from Applied Biosystems. Antibodies were purchased from the following companies: anti-NCX1 (Abcam); anti-NHE-1 (Santa Cruz Biotechnology); and anti-β-actin (Sigma-Aldrich).
Cell culture
All animal procedures conformed to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Animal Research Committee of Jikei University. Neonatal rat ventricular myocytes (NRVM) were isolated from 1-to 3-day-old Sprague-Dawley rats according to the manufacturer's protocol from Worthington Biochemical. Purified NRVM were plated at a density of 1 * 10 5 cells/well in 96-well clear bottom plates (Greiner) in lowglucose (1000 mg/l) DMEM (Invitrogen) supplemented with 5% fetal bovine serum (Invitrogen), 10% horse serum (Invitrogen), 20 mM HEPES, 200 μmol/l of bromodeoxyuridine, and antibiotics (100 U/ml of penicillin G and 100 μg/ml of streptomycin). The cells were allowed to attach at 37°C in a 5% CO 2 atmosphere, and subconfluent myocyte monolayers were obtained after 48-72 h. Sixteen hours before treatment with the indicated agents, the medium was replaced with DMEM supplemented with 1% bovine serum albumin (Sigma-Aldrich). ] i in NRVM using a microplate reader as previously reported with some modifications [22] [23] [24] [25] . Briefly, NRVM were loaded with 5 μM of SBFI-AM dissolved in DMEM supplemented with 1% bovine serum albumin for 3 h at 37°C in the presence of the nonionic surfactant, Pluronic F-127 (0.05% w/v). After washing out the external dye three times with Tyrode's solution (150 NaCl, 5.4 KCl, 1.2 MgCl 2 , 0.4 NaH 2 PO 4 , 10 HEPES, 5 glucose and 1 CaCl 2 , pH 7.4) in the presence of 1 mM of probenecid, leaving a final volume of 100 μl in each well, the fluorescence intensity was measured using an Infinite 200 PRO microplate reader (TECAN) at room temperature. Dual excitation measurements at 340 nm and 380 nm were obtained, and the emitted fluorescence was recorded at 510 ± 12.5 nm in the fluorescence bottom reading mode. The completion of hydrolysis was judged based on the attainment of a stable 340/380 nm ratio. The microplate reader is able to obtain measurements in each well of a plate within 90 s, and the fluorescence intensity was automatically recorded every 10 min. In each microplate, NRVM of the same preparation in 10 wells were prepared in the absence of SBFI to measure the background signals of the NRVM and microplates. The mean fluorescence signals from the 10 SBFI-unloaded wells at 340 nm and 380 nm were subtracted from the individual signals of the SBFI-loaded wells at each wavelength [22] .
In vivo calibration of SBFI
The in vivo calibration of SBFI was accomplished, similar to that described in previous reports, by exposing the cardiomyocytes to various concentrations of extracellular [Na + ] (0-20 mM) in the presence of 1 mg/l Gramicidin D (MP Biomedicals), 100 μM of strophanthidin (Sigma-Aldrich) and 2 mM EGTA, and the pH was adjusted to 7.1 with Tris base [22] [23] [24] [25] . The solutions were prepared by mixing two solutions of equal ionic strength. One solution contained 145 mM Na + (30 mM NaCl, 115 mM sodium gluconate) without K + , while the other contained 145 mM K + (30 mM KCl, 115 mM potassium gluconate) without Na + . Calibration was performed at the end of each experiment.
Real-time PCR
Total RNA was extracted from cardiomyocytes cultured in 12-well plates using the PureLink RNeasy mini Kit (Applied Biosystems) according to the manufacturer's instructions. Two-step PCR was performed with TaqMan Reverse Transcription Reagents and a TaqMan Universal Master Mix Kit and quantified with the StepOne Real-time PCR system (Applied Biosystems). The expression of each gene was normalized to the level of GAPDH, which was stable under our experimental conditions.
Immunoblotting
Whole cell extracts were prepared in cell lysis buffer (Cell Signaling) and phenylmethylsulfonyl fluoride on ice and boiled LDS sample buffer (Novex). Equivalent amounts of protein were separated on 4-12% bisTris gel (Invitrogen) and electrically transferred to nitrocellulose or polyvinyl difluoride membranes (Invitrogen). The membranes were blocked with starting block (Thermo Fisher scientific) for 30 min at room temperature and incubated with primary antibodies overnight at 4°C. The membranes were then washed with Tris-buffered saline with Tween 20, incubated with the appropriate secondary antibodies for 45 min at room temperature and developed using an enhanced chemiluminescence method according to the manufacturer's protocol (Thermo Fisher Scientific).
Statistical analysis
The data are expressed as the mean ± standard error of the indicated number of experiments. The statistical analyses were performed using Student's t test and one way ANOVA, followed by Tukey's test. Values of P b 0.05 were considered to be significant. ] i in untreated NRVM calculated using our method was 6.1 ± 0.1 mM (n = 30). To examine the long-term effects of corticosteroids on [Na + ] i , cardiomyocytes were treated with corticosterone, aldosterone and dexamethasone at a (patho)physiological concentration ranging from 1 to 1000 nM each. As shown in Fig. 2A ] i induced by 100 nM of corticosterone, which bound to both GR and MR in the cardiomyocytes, although 10 μM of eplerenone showed no effects (Fig. 2B) . These results indicate that GR is required for altered [Na + ] i handling in cardiomyocytes treated with corticosteroids.
Corticosteroids induce cardiac hypertrophy via GR
As shown in Fig. 3A , corticosteroids induced the hypertrophic gene expression, including that of B-type natriuretic peptide (BNP), skeletal muscle alpha-actin (SKA) and beta-myosin heavy chain (β-MHC), in a dose-dependent manner. These effects were blocked by 1 μM of RU 486 but not 10 μM of eplerenone (Fig. 3B ). Fig. 3C shows the changes in cell morphology of NRVM treated with 100 nM of dexamethasone in the presence or absence of 1 μM of RU486. Dexamethasone induced a marked increase in the cell surface area; this effect was abrogated by RU486, compatible with the results showing that corticosteroids induce the hypertrophic gene expression, and the findings of previous reports by others regarding the effects of glucocorticoids on morphological changes in cardiomyocytes [26, 29] . 
NCX1 mRNA is induced by dexamethasone
In order to determine the mechanisms underlying the glucocorticoidinduced elevation of [Na + ] i , we investigated the effects of dexamethasone on the expression of transporters that handle Na + influx in cardiomyocytes. Fig. 5A shows the mRNA expressions of NCX1, NHE-1 and Na
− cotransporter 1 (NKCC1), the main transporters that influx Na + in cardiomyocytes [1] . Forty-eight hours of treatment with dexamethasone induced the NCX1 expression at the mRNA and protein levels in a dose-dependent manner; this effect was abrogated by 1 μM of RU-486 (Fig. 5A) . A higher concentration of dexamethasone significantly reduced the NHE-1 mRNA expression. On the other hand, the NKCC1 mRNA expression was not changed by treatment with dexamethasone.
NCX1 proteins are induced by dexamethasone
The protein level of NCX1 was induced by treatment with 100 nM of dexamethasone; this effect was blocked by 1 μM of RU486, according to the mRNA expression. On the other hand, the NHE-1 protein level was not changed by treatment with dexamethasone (Fig. 5B) . Dexamethasone induced the upregulation of NCX1 at the mRNA level after 12 h and at the protein levels after 18 h (Fig. 5C ).
Discussion
In the present study, we found that chronic physiological concentrations of glucocorticoid treatment increased [Na + ] i in a dose-dependent manner in NRVM up to approximately 2.5 mM (an almost 1.5-fold increase compared to the control) quantified using the sodium fluorescent indicator SBFI and in vivo calibration method. Supraphysiological concentrations (higher than 100 nM) of aldosterone also increased [19, 20] . Others have also reported that 24 h of treatment with 100 nM of aldosterone activates NHE-1 at the protein level in cardiomyocytes via MR and increases [Na + ] i measured according to the sodium indicator, sodium green [21] . However, the absolute value of the aldosterone-induced alteration in [Na + ] i remains unclear because no calibration methods were used in these studies. Furthermore, the variable dye concentrations in the cells and/or the cell size may affect the intensity of fluorescent indicator sodium green due to its single excitation measurements [20, 21] employed in vivo calibration of SBFI, which exhibited adequate accuracy, comparable to that of the traditional microscopy-based method (Fig. 1) . The value of [Na + ] i in untreated quiescent NRVM calculated using our method was 6.1 ± 0.1 mM, similar to the findings ranging from 5 to 13 mM in previous reports of neonatal cardiomyocytes [35, 36] and adult cells [23, 24, 37] measured using microscopy or spectrophotometers. The maximum increase in [Na + ] i in cardiomyocytes induced by corticosteroids was approximately 2.5 mM, which is a slightly smaller alteration than that previously reported in heart failure models [2] [3] [4] [5] . This glucocorticoid-induced modest increase in [Na + ] i would have an impact on the subsequent development of cardiac pathology.
In the present study, we also confirmed that glucocorticoids induce hypertrophy in cardiomyocytes via GR. Chronic treatment with physiological concentrations of corticosteroids and supraphysiological concentrations of aldosterone upregulated the hypertrophic gene expression as well as the incidence of morphological changes, in agreement with the findings of previous reports [19, 21, 26, 29, [38] [39] [40] [41] . Moreover, the corticosteroid-induced hypertrophic gene expression levels were positively and significantly associated with the level of [ ] i was a GR-dependent genomic reaction. These results suggest that GR signaling modifies the expression of transporters that regulate [Na + ] i . In this study, we found that chronic treatment with dexamethasone induced the NCX1 expression at both the mRNA and protein levels in a dose-dependent manner; this effect was abrogated by a GR blocker. However, chronic dexamethasone treatment did not affect the NKCC1 mRNA expression or NHE-1 protein level (NHE-1 mRNA was slightly downregulated by 100 nM of dexamethasone). NCX, which transports three Na + ions in exchange for one Ca 2+ ion, is the main route for Na + influx in resting cardiac cells, and NCX1 is the major isoform in cardiomyocytes [42] . Taken together, we speculate that NCX1 is involved in the glucocorticoid-induced elevation of [Na + ] i . On the other hand, NCX has been reported to be highly expressed in late fetal and neonatal rat hearts, decreasing to an adult level for RNA by 20 days after birth [43] . Therefore, the involvement of NCX in [Na + ] i handling and hypertrophy in NRVM may be different from that observed in adult models. Further studies are needed to confirm the contribution of NCX1 in the glucocorticoid-induced alteration of [Na + ] i in cardiomyocytes.
Conclusions
We observed a significant role of corticosteroids in regulating [Na + ] i via the GR pathway in cardiomyocytes. We also confirmed that glucocorticoids induce hypertrophy in cardiomyocytes via GR. The corticosteroid-induced elevation of [Na + ] i was closely and significantly associated with the hypertrophic gene expression. The dexamethasoneinduced upregulation of NCX1 is partly involved in the glucocorticoidinduced alteration of [Na + ] i in cardiomyocytes. These results provide new insight into the mechanisms by which glucocorticoid excess within a physiological concentration contributes to the development of cardiac pathology.
